Fever is the widely known hallmark of disease and is induced by the action of the nervous system. It is generally accepted that prostaglandin (PG) E 2 is produced in response to immune signals and then acts on the preoptic area (POA), which triggers the stimulation of the sympathetic system, resulting in the production of fever. Actually, the EP3 subtype of PGE receptor, which is essential for the induction of fever, is known to be localized in POA neurons. However, the neural pathway mediating the pyrogenic transmission from the POA to the sympathetic system remains unknown. To identify the neuronal groups involved in the fever-inducing pathway, we first investigated Fos expression in medullary regions of rats after central administrations of PGE 2 . PGE 2 application to the lateral ventricle or directly to the POA strikingly increased the number of Fospositive neurons in the rostral part of the raphe pallidus nucleus (rRPa). Most of these neurons did not exhibit serotonin immunoreactivity. Microinjection of muscimol, a GABA A receptor agonist, into the rRPa blocked fever and thermogenesis in brown adipose tissue induced by intra-POA as well as by intracerebroventricular PGE 2 applications. Furthermore, neural tract tracing studies revealed a direct projection from EP3 receptor-expressing POA neurons to the rRPa. Our results demonstrate that the rRPa, which has never been associated with the fever mechanism, mediates the pyrogenic neurotransmission from the POA to the peripheral sympathetic effectors contributing to fever development.
Fever has been one of the most widely known hallmarks of disease since ancient days (Atkins and Bodel, 1972) , and important roles of fever have been indicated in various pathological states (Atkins, 1960; Kluger, 1991) . In the generation of the febrile response, prostaglandin (PG) E 2 is known to play an essential role. It has been proposed that, during infections, PGE 2 is produced in brain vasculature in response to immune signals, is released into the brain parenchyma, activates PGE receptors located on neurons, and then triggers the neural circuitry for fever induction (Elmquist et al., 1997; Matsumura et al., 1998; Yamagata et al., 2001 ). However, the PGE 2 -triggered neural mechanism for fever induction is still unknown.
The preoptic area (POA) is the major site of action of E-series PGs in the induction of fever (Feldberg and Saxena, 1971; Stitt, 1973; Williams et al., 1977) . Our immunohistochemical studies have shown that the EP3 subtype of PGE receptor is somatodendritically localized on neurons in the POA, especially in its subregions, medial preoptic area (MPO) and median preoptic nucleus (MnPO) (Nakamura et al., 1999 . PGE 2 has been thought to exert suppressive effects on functions of the cells expressing EP3 receptor (for review, see Negishi et al., 1995) . Among mice lacking each of the known PGE receptor subtypes, only EP3 receptor-deficient mice failed to show a febrile response to PGE 2 , interleukin-1␤, or endotoxin (Ushikubi et al., 1998) . These observations have led us to hypothesize that the EP3 receptor on POA neurons is the target of PGE 2 for its pyrogenic action and that the suppression of POA neuron activity through this receptor activation triggers the neural processes for fever induction.
The action of PGE 2 in the POA is thought to trigger the efferent mechanisms that control peripheral sympathetic effectors, including brown adipose tissue (BAT), which is known to be the major organ for thermogenesis during fever in rodents (for review, see Rothwell, 1992) . Neural tract tracing and physiological studies have suggested that the sympathetic premotor neurons controlling BAT are distributed in some ventral medullary regions (Bamshad et al., 1999; Uno and Shibata, 2001) . For understanding the fever-inducing neural system, it is important to identify the sympathetic premotor regions that receive the pyrogenic PGE 2 signal from the POA. In the present study, the neuronal groups excited by central PGE 2 administrations were investigated in the ventral medullary regions by immunohistochemically detecting Fos, the protein product of the immediately early gene c-fos (Sagar et al., 1988) , and PGE 2 -excited neurons were distributed in the raphe pallidus nucleus (RPa), especially in its rostral part (rRPa). Next, the projection from EP3 receptorexpressing POA neurons to the rRPa was examined with anterograde and retrograde neural tract tracing techniques. Furthermore, the suppression of rRPa neuron activity by microinjecting muscimol, a GABA A receptor agonist, was used to examine the role of the rRPa in the transmission of the pyrogenic signal of PGE 2 from the POA to the sympathetic effectors contributing to fever development, including BAT.
MATERIALS AND METHODS

Animals.
One hundred and twelve male Wistar rats (200 -250 gm; SLC Japan, Hamamatsu, Japan) were used in the present study. They were housed three or four to a cage with ad libitum access to food and water; the room was kept at 26 Ϯ 2°C with a standard 12 hr light /dark cycle. All experimental procedures were approved by the Animal C are and Use Committee of the Graduate School of Biostudies at Kyoto University.
Intracerebroventricular PGE 2 stimulation. Rats were deeply anesthetized with sodium pentobarbital (50 mg / kg, i.p.) and positioned in a stereotaxic apparatus (Narishige, Tokyo, Japan) according to the brain atlas of Paxinos and Watson (1998) . A stainless steel cannula (outer diameter, 0.35 mm) and a 1 ml disposable syringe were connected with polyethylene tubing, and they were filled with pyrogen-free 0.9% saline (Otsuka, Tokyo, Japan). The cannula was inserted perpendicularly into the right lateral ventricle (coordinates: 0.8 mm posterior to the bregma, 1.4 mm lateral to the midline, and 4.0 mm ventral to the skull surface). After accuracy of the cannula placement was checked with a flow of the saline into the ventricle by hydrostatic pressure, the polyethylene tubing was cut and its opening end was sealed with heat. The animals were kept for at least 1 week to recover. One day before the experiment, the cannula was flushed with pyrogen-free 0.9% saline. On the day of the experiment, the rats were anesthetized with urethane (1.3 gm / kg, i.p.; Sigma, St. L ouis, MO) between 10 and 11 A.M. and left on a selfregulating heating pad (K N-474; Natume, Tokyo, Japan) to stabilize the rectal temperature (T rec ) at 37°C. The T rec was monitored with a copperconstantan thermocouple inserted into the rectum through the anus. After 4 hr, PGE 2 (500 ng; Sigma) in 15 l of pyrogen-free 0.9% saline or only saline was injected into the ventricle through the cannula. After 1 hr of T rec monitoring, the animals were immediately fixed transcardially and expression of Fos protein in the brain was immunohistochemically detected as described below.
Intra-MPO PGE 2 microinjection. A silica capillary (inner diameter 75 m, outer diameter 150 m) was connected to Teflon tubing, and they were filled with pyrogen-free 0.9% saline containing 0.5 mg /ml PGE 2 and 0.8% fluorescent microspheres with a diameter of 0.1 m (F-8801; Molecular Probes, Eugene, OR). A 10 l syringe (Hamilton, Reno, N V) filled with mineral oil was connected to the other end of the Teflon tubing. Urethane-anesthetized rats were positioned in a stereotaxic apparatus and left on a self-regulating heating pad to stabilize the T rec at 37°C. After 4 hr, the capillary was perpendicularly inserted into the M PO (coordinates: 0.0 mm to the bregma, 0.5-1.0 mm lateral to the midline, and 8.0 -8.5 mm ventral to the brain surface), and then 100 nl of the PGE 2 solution or the vehicle alone was slowly (10 -20 sec) injected through the capillary using an inf usion pump (Harvard Apparatus, South Natick, M A). The volume of injection was visually confirmed by movement of the aqua-oil interface along the Teflon tubing, which was graduated. After 1 hr of T rec monitoring, the animals were immediately fixed and subjected to immunohistochemical detection of Fos protein as described below.
Muscimol microinjection. Urethane-anesthetized rats were positioned in a stereotaxic apparatus. To monitor the temperature of the interscapular BAT (T BAT ), a copper-constantan thermocouple was inserted between the interscapular BAT pad and the underlying connective tissue. The animals were left on a self-regulating heating pad to stabilize the T rec at 37°C in a chamber air-conditioned at 25-27°C. After 2 hr, muscimol (1 mM, 60 nl; Sigma), dissolved in pyrogen-free 0.9% saline containing fluorescent microspheres, or its vehicle alone was microinjected into the ventral medulla as described above in the intra-M PO microinjection. The coordinates for the ventral medulla were 1.3-3.3 mm posterior to the interaural line, 0.0 -2.4 mm lateral to the midline, and 8.5-9.6 mm ventral to the brain surface. Ten minutes after the muscimol microinjection, intracerebroventricular injection of PGE 2 (500 ng in 15 l pyrogen-free 0.9% saline) by the method of C ao et al. (1999) or intra-M PO microinjection of PGE 2 (50 ng; see above) was performed.
After 2 hr of T BAT and T rec recording, the rats were killed by decapitation. Their brains were frozen and coronally sectioned at a thickness of 20 m with a cryostat. After the sections were stained with toluidine blue, the locations of the microinjections were identified by detecting the fluorescent microspheres under an epifluorescence microscope (Eclipse E600; Nikon, Tokyo, Japan) and plotted on drawings from a brain atlas (Paxinos and Watson, 1998) .
Sindbis virus and tracer injection. Rats were deeply anesthetized with chloral hydrate (280 mg / kg, i.p.) and placed in a stereotaxic apparatus. For anterograde tracing studies, we used a replication-deficient recombinant Sindbis virus containing a gene encoding enhanced green fluorescent protein (EGFP) tagged with the N-terminal palmitoylation signal peptide of growth associated protein-43 (palEGFP) (Moriyoshi et al., 1996 , Tamamaki et al., 2000 that is driven by a subgenomic promoter of Sindbis virus for expression in mammalian cells (Furuta et al., 2001) . The virus solution (0.1-0.5 l, 2 ϫ 10 10 infectious unit /ml) was pressureinjected into the POA through a glass micropipette (tip inner diameter 10 -15 m) with the aid of a Picospritzer II (General Valve, Fairfield, NJ). The coordinates for the POA were 0.05 mm posterior to the bregma, 0.7 mm lateral to the midline, and 8.5 mm ventral to the brain surface. For retrograde tracing studies, a 4% solution of Fluoro-Gold (0.1-1.0 l; Fluorochrome, Denver, C O), dissolved in 0.9% saline, was pressure injected into the ventral medulla (1.3-3.3 mm posterior to the interaural line, 0.0 mm lateral to the midline, and 9.0 -9.6 mm ventral to the brain surface) through a glass micropipette with the aid of a Picospritzer II. Eighteen hours after the virus injection or 3 d after the Fluoro-Gold injection, each animal was reanesthetized and subjected to the immunohistochemical analyses described below. For tracing studies, expressed palEGFP was visualized by its own fluorescence or by immunohistochemical staining with an anti-EGFP antibody, and Fluoro-Gold was detected by its own fluorescence.
Immunohistochemistr y. The immunohistochemical procedures followed our previous studies . Briefly, the rats treated as described above were fixed by transcardial perf usion with 4% paraformaldehyde. The brains were postfixed in the fixative, saturated with a sucrose solution, and then cut into 20-or 40-m-thick coronal sections on a cryostat. The sections were consecutively collected into six bottles; six series of sections were obtained from each rat. The sections were incubated overnight with one of the following antibodies: anti-Fos rabbit serum (Ab-5; Oncogene, C ambridge, M A), 1:20,000; anti-rat EP3 receptor rabbit antibody (Nakamura et al., 1999 , 1 g /ml; anti-EGFP rabbit antibody (Tamamaki et al., 2000) , 0.1 g /ml. After a rinse, the sections were incubated for 1 hr with 10 g /ml biotinylated donkey antibody to rabbit IgG (Chemicon, Temecula, CA). The sections were rinsed again and reacted for 1 hr with ABC -Elite (1:50; Vector). After a thorough wash of the sections, the bound peroxidase was finally visualized by incubation with 0.02% 3,3Ј-diaminobenzidine tetrahydrochloride (DAB) (Dojindo, Kumamoto, Japan) and 0.001% hydrogen peroxide in 50 mM Tris-HC l, pH 7.6.
For double-immunoperoxidase staining of Fos and serotonin, the sections were incubated overnight with the anti-Fos rabbit serum and an anti-serotonin goat serum (1:5000; DiaSorin, Stillwater, M N). After the sections were incubated with biotinylated donkey antibody to goat IgG (Chemicon) and then with ABC -Elite, the peroxidase was reacted with the DAB solution described above. In this manner, immunoreactivity for serotonin was visualized as a brown reaction product of DAB. The bound peroxidase and unreacted avidin and biotin in the sections were blocked with 3% hydrogen peroxide and an avidin -biotin blocking kit (Vector), respectively. After a thorough wash, the sections were incubated with biotinylated donkey antibody to rabbit IgG and then with ABC -Elite. The sections were incubated with 0.02% DAB, 0.0002% hydrogen peroxide, and 0.5% ammonium nickel sulfate hexahydrate in 50 mM Tris-HC l, pH 7.6, to visualize Fos immunoreactivity as a blue-black reaction product. By omitting one of the primary antibodies, we confirmed that there was no cross-reactivity between the reagents involved in the two different immunoperoxidase staining steps.
The POA sections from the Sindbis virus-or Fluoro-Gold-injected brains were subjected to immunofluorescence labeling of EP3 receptor as described . After sequential incubations with anti-EP3 receptor rabbit antibody and with biotinylated donkey antibody to rabbit IgG, the sections were incubated with 1 g /ml Alexa 594-conjugated streptavidin (Molecular Probes). The sections were thoroughly washed and mounted onto gelatin-coated glass slides. For doublefluorescence microscopy, an Axiophot epifluorescence microscope (Z eiss, Oberkochen, Germany) was used with an appropriate filter set for Fluoro-Gold (excitation, 360 -370 nm; emission, Ն395 nm), EGFP (excitation, 450 -490 nm; emission, 515-565 nm), or Alexa 594 (excitation, 530 -585 nm; emission, Ն615 nm).
For the study of cytoarchitecture, one of the rostrocaudal series of the immunolabeled sections was counterstained with cresyl violet. The cytoarchitecture and nomenclature of Paxinos and Watson (1998) were adopted in most regions of the brain, and for the definition of M PO and MnPO we referred to the rat brain atlas by Swanson (1992) .
In situ hybridization. Nonradioactive in situ hybridization was performed as described elsewhere (Esclapez et al., 1993) . The antisense and sense probes for the 67 kDa form of rat glutamic acid decarboxylase (GAD67) were 619 nucleotides in length. Hybridization using the sense probe did not show any signals. After in situ hybridization, the sections were subjected to immunoperoxidase labeling of EP3 receptor.
Data anal ysis. All data are presented as the means with the SEM (ϮSEM). Statistical analysis was performed using the unpaired Student's t test (Instat 2.00 program; Graph Pad, San Diego, CA), and a result was considered significant given a p value of Ͻ0.05.
RESULTS
PGE 2 -induced Fos expression
To identify fever-mediating brain regions, we administered PGE 2 centrally to trigger fever in rats and examined neuronal activation in the brain by immunohistochemically detecting Fos. In this investigation, we especially focused on the ventral medullary nuclei that had been proposed to contain the sympathetic premotor neurons controlling interscapular BAT (Bamshad et al., 1999; Uno and Shibata, 2001 ): RPa, raphe magnus nucleus (RMg), raphe obscurus nucleus (ROb), lateral paragigantocellular nucleus (LPG), inferior olivary complex (IO), and rostroventrolateral reticular nucleus (RVL). Intracerebroventricular administration of PGE 2 caused a significant rise in T rec (fever) (2.5 Ϯ 0.2°C in PGE 2 -injected rats, n ϭ 3; 0.13 Ϯ 0.2°C in saline-injected rats, n ϭ 3; p Ͻ 0.005) and strikingly increased the density of Fospositive cells in the RPa, especially in its portion rostral to the rostral end of the IO, compared with saline administration (Fig.  1a) . Thus, we nomenclaturally divided the RPa into two parts: rostral and caudal to the rostral end of the IO. These are denoted by rostral part (rRPa) and caudal part (cRPa) of the RPa, respectively. The increase in the density of Fos-positive cells was the most prominent in the caudal one-third of the rRPa (Fig. 1a , Interaural Ϫ2.30 mm), but not observed in the rRPa at the level of the rostral end of the facial nucleus (Fig. 1a , Interaural Ϫ1.30 mm) or in the cRPa (Fig. 1a, Interaural Ϫ3.30 mm) . The dense distribution of the Fos-positive cell group in the rRPa extended into the RMg (Fig. 1a, PGE 2 , Interaural Ϫ2.30 mm). These Fospositive cells in PGE 2 -treated rats were immunoreactive for NeuN, a marker for neurons (data not shown). To verify these observations statistically, we counted the numbers of Fos-positive cells in the ventral medullary regions that might be involved in the sympathetic control of BAT (Bamshad et al., 1999; Uno and Shibata, 2001) . PGE 2 -treated rats exhibited significantly greater numbers of Fos-positive cells in the rRPa (4.4-fold) and RMg (2.0-fold) compared with saline-treated controls, whereas Fos expression in the two treatment groups did not differ statistically in the ROb, cRPa, LPG, IO, or RVL (Fig. 1b) . These data raised the possibility that the rRPa contains the sympathetic premotor neurons that control BAT functions and consequently fever development.
In addition, the above results raised a question as to whether the Fos-positive neurons in the rRPa and RMg after the PGE 2 administration were serotonergic, because these regions are known to be rich in serotonergic neurons. Thus, we performed double-immunoperoxidase staining for Fos and serotonin. As shown in Figure 1c , most of the rRPa cells with Fos-positive nuclei seen after intracerebroventricular PGE 2 injection did not exhibit serotonin immunoreactivity. This observation was assured by a statistical analysis; the PGE 2 administration significantly increased the numbers of Fos-positive cells in nonserotonergic cell groups of both rRPa and RMg but not in serotonergic cell groups (Table 1) .
To examine whether PGE 2 triggers the excitation of the rRPa neurons by acting on the POA, we next investigated Fos expression after microinjection of PGE 2 directly into the POA. In the POA, EP3 receptor-expressing neurons were reported to be densely localized in the MPO (Nakamura et al., 1999 , and PGE 2 microinjection into this subregion was shown to effectively induce fever (Scammell et al., 1996) . Thus, to trigger the pyrogenic neural mechanism in the POA, we microinjected PGE 2 into the MPO (Fig. 1d) . Intra-MPO PGE 2 microinjection reliably caused fever (T rec rise; 1.6 Ϯ 0.4°C in PGE 2 -microinjected rats, n ϭ 3; 0.21 Ϯ 0.1°C in saline-microinjected rats, n ϭ 3; p Ͻ 0.005) and induced Fos expression in many rRPa neurons compared with saline microinjection (Fig. 1e) . Most of these Fos-positive neurons were nonserotonergic, and the distribution of these neurons was similar to that seen after the intracerebroventricular injections (data not shown). The results from the Fos-detection studies suggest that a neural system triggered by the PGE 2 action The data represent the mean Ϯ SEM of three rats per group. PGE 2 or saline was injected into the lateral ventricle. Every sixth 20-m-thick frontal section throughout the medulla oblongata was immunostained (see Fig. 1c ) and examined for Fos immunoreactivity in serotonin-immunoreactive cells (Serotonergic) and serotoninimmunonegative cells (Nonserotonergic). *Significant difference from saline-administered group; p Ͻ 0.05.
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( Figure legend continued. ) distances from the interaural line are indicated based on the brain atlas of Paxinos and Watson (1998 in the POA excites the nonserotonergic neurons distributed in and around the rRPa.
Projection from EP3 receptor-expressing POA neurons to the rRPa
Our observations then prompted us to investigate the neural connections mediating the transmission of PGE 2 signal from the POA to the rRPa. To this end, the projection from EP3 receptorexpressing POA neurons to the rRPa was studied using neural tract tracing techniques. Recently, Furuta et al. (2001) have developed a highly sensitive anterograde neural tract tracing technique using a recombinant Sindbis virus that labels the infected neurons in a Golgi stain-like manner. This virus was based on a replication-defective Sindbis virus and designed for the infected cells to express a membrane-targeted fluorescent protein, palEGFP, which is EGFP tagged with a palmitoylation site (Tamamaki et al., 2000) . In the first of the present tract tracing studies, we injected the virus into the POA and examined immunoreactivity for palEGFP in the rRPa. In rats injected with the virus unilaterally into the MPO, many cells exhibiting fluorescence of EGFP formed a cluster within the MPO (Fig. 2a) , and this cell cluster was located over the EP3 receptor-immunoreactive neuronal group (Fig. 2b ). There were EP3 receptor-immunoreactive neuronal cells infected with the virus (Fig. 2c,d , arrow). In these rats, a significant number of EGFP-immunoreactive fibers and boutons were observed in the caudal one-third of the rRPa (Fig. 2e) and also in the RMg ipsilateral to the site of the virus injection (data not shown). However, EGFP immunoreactivity was not evident in more caudal regions, including the ROb, cRPa, and IO. These observations were obtained from three rats in which we successfully injected the virus into the MPO. Similar projections were also observed when we used a conventional anterograde tracer, Phaseolus vulgaris leucoagglutinin (data not shown). We further analyzed the presence of EP3 receptor on the POA neurons projecting to the ventral medullary regions by using Fluoro-Gold, a retrograde neural tract tracer. Injection of the tracer into the caudal one-third of the rRPa and surrounding RMg (Fig. 3a) resulted in double labeling with Fluoro-Gold fluorescence and EP3 receptor immunoreactivity in POA neurons (Fig. 3b, arrows) . These double-labeled cells were concentrated in the MPO rather than in the MnPO (Fig. 3c) . EP3 receptor immunoreactivity was found in 43.0% of Fluoro-Goldlabeled cells in the MPO, but in only 6.5% in the MnPO (counted within the EP3 receptor-immunoreactive region in every sixth 20-m-thick frontal section). EP3 receptor immunoreactivity was distributed also in the dorsal part of the MnPO (dorsal to the anterior commissure) and in the parastrial nucleus , but we scarcely found Fluoro-Gold-labeled cells in these regions. We successfully performed similar injections into three rats with the tracer and found no significant differences in the observations between the animals. Using the same procedure, we found that Fluoro-Gold injections centered on the rostral one-third of the rRPa or on the cRPa showed no double-labeled cells in the POA (data not shown). Similar results were also obtained using another retrograde tracer, wheat germ agglutinin (data not shown). The neural tract tracing studies demonstrate that a population of EP3 receptor-expressing POA neurons project directly to the caudal portion of the rRPa and its surrounding RMg. 
Muscimol microinjection into the rRPa blocks PGE 2 -induced fever and BAT thermogenesis
Our present results suggest that PGE 2 excites rRPa neurons probably by acting on the EP3 receptor on POA neurons, which hypothetically will lead to the activation of sympathetic pathways projecting to the effectors contributing to fever development, including BAT. We tested this functional relationship by examining the effects of continuous inhibition of rRPa neurons on fever and BAT thermogenesis evoked by intracerebroventricular or intra-MPO PGE 2 stimulation.
Intracerebroventricular PGE 2 injection induced a rise in T BAT of Ͼ2.0°C, peaking at 20 -25 min after the injection. T rec , the core temperature, started to increase 1-2 min after the T BAT rise, and its peak was lower than that of T BAT . The characteristics of these temperature changes are consistent with the fact that heat is produced in effectors including BAT during fever and then transferred to the rest of the body. To continuously suppress neuronal activity, we microinjected muscimol into the caudal one-third of the rRPa (Fig. 4c,d, Interaural Ϫ2.30 mm) . The muscimol pretreatment manifestly blocked the rise in both T BAT and T rec induced by intracerebroventricular PGE 2 administration (Fig.  4a,b) . No T BAT increase of Ͼ0.5°C was observed in the rats microinjected with muscimol into the caudal one-third of the rRPa. In contrast, rats microinjected with saline into the caudal one-third of the rRPa (Fig. 4d, open circles) showed PGE 2 -induced T BAT and T rec rises to the level observed in untreated rats (Fig. 4a,b) .
To map the sites at which muscimol microinjection inhibited the PGE 2 -stimulated BAT thermogenesis, we microinjected muscimol into various regions of the ventral medulla, examined the T BAT rises induced by intracerebroventricular PGE 2 injections, and graded the T BAT rises as follows: Յ0.5°C, full inhibition; 0.5-2.0°C, partial inhibition; Ն2.0°C, no inhibition. As shown in Figure 4d , full inhibition ( filled circles) was observed only after (Interaural Ϫ2.30 mm) . Each value represents the mean Ϯ SEM of three rats per group. The changes in T BAT and T rec were significantly different between muscimol-and saline-pretreated (Figure legend continues.) muscimol was microinjected into the caudal one-third of the rRPa. Muscimol microinjections into the regions neighboring the most effective site, such as the middle one-third of the rRPa, the caudal portions of the RMg, and the alpha part of the gigantocellular reticular nucleus, only partially inhibited the BAT thermogenesis (triangles). No inhibition (crosses) was observed when muscimol microinjections were made into the facial nucleus, ROb or the rostral one-third of the rRPa, cRPa, IO, LPG, or RVL.
We further examined the blocking effect of the continuous inhibition of rRPa neurons on fever and BAT thermogenesis caused by direct PGE 2 application into the MPO. PGE 2 microinjection into the MPO of untreated rats increased T BAT by 2.0 -3.0°C and T rec by 1.5-2.0°C. Muscimol microinjection into the caudal one-third of the rRPa (Fig. 5c , Interaural Ϫ2.30 mm) strongly inhibited the T BAT and T rec rises induced by intra-MPO PGE 2 microinjection (Fig. 5a,b) ; no T BAT increase of Ͼ0.7°C was observed. In rats microinjected with muscimol into the cRPa, IO, or RVL (Fig. 5c , Interaural Ϫ3.30 mm) or with saline into the caudal one-third of the rRPa (Figs. 5a-c, Interaural Ϫ2.30 mm) , intra-MPO PGE 2 microinjection induced T BAT and T rec rises to the level observed in untreated rats. These results suggest that the rRPa mediates the transmission of PGE 2 signal from the POA to fever-producing sympathetic effectors.
Expression of a marker for GABAergic neurons in EP3 receptor-expressing POA neurons
It has been documented that the EP3 receptor acts as a suppressive receptor by coupling with inhibitory GTP-binding proteins (Negishi et al., 1995) . Therefore, our results appeared to mean that PGE 2 -induced suppression of EP3 receptor-expressing POA neurons leads to the excitation of the rRPa neurons. This raised the possibility of tonic inhibition of the rRPa neurons by EP3 receptor-expressing POA neurons under PGE 2 -free conditions. In addition, we showed that GABA receptor-mediated inhibition of rRPa neurons blocked the transmission of pyrogenic PGE 2 signal from the POA. Taken together, these lines of knowledge led us to hypothesize that EP3 receptor-expressing POA neurons are GABAergic and directly regulate the activity of the rRPa neurons. To test this hypothesis, we examined the expression of mRNA for GAD67, a marker for GABAergic neurons, in EP3 receptor-expressing POA neurons. By a combination of immunoperoxidase staining for EP3 receptor and in situ hybridization for GAD67, we found that 86.3% of EP3 receptor-immunoreactive POA neurons exhibited signals for GAD67 mRNA (Fig. 6a,  arrows) . This observation indicates that a large population of EP3 receptor-expressing POA neurons are GABAergic, supporting our hypothesis.
DISCUSSION
The present study demonstrates, for the first time, that the rRPa is essential for fever induction following central PGE 2 action. Muscimol microinjection into the caudal one-third of the rRPa Figure  1a . 7, Facial nucleus; 7n, descending root of the facial nerve; Am, ambiguus nucleus; g7, genu of the facial nerve; Gi␣, alpha part of the gigantocellular reticular nucleus; Giv, ventral part of the gigantocellular reticular nucleus; Pr, prepositus nucleus; Sol, nucleus of the solitary tract. Scale bar, 500 m.
blocked fever and BAT thermogenesis caused by central PGE 2 administrations. Furthermore, the PGE 2 action prominently increased Fos expression in a similar region of the rRPa. This PGE 2 -induced increase in the number of Fos-positive neurons within ventral medullary regions appeared to have a good correlation with the blocking effect of the muscimol that was microinjected into the regions. Thus, the GABA A receptor agonist blocked the pyrogenic action of PGE 2 , probably by suppressing the PGE 2 -triggered excitation of the rRPa neurons. In addition, it was reported that microinjection of bicuculline, a GABA A receptor antagonist, into the rRPa caused a rise in the sympathetic nerve activity to interscapular BAT (Morrison et al., 1999) . Taken together, it is likely that the rRPa neurons are tonically inhibited by GABAergic inputs, and release of these neurons from the tonic inhibition by a PGE 2 -triggered mechanism leads to the stimulation of the sympathetic system for fever development.
To trigger this fever-inducing mechanism, PGE 2 appears to act on the POA, because the POA is almost the sole brain region in which microinjections of PGE 1 , a PGE 2 analog, effectively evoked fever (Williams et al., 1977) . In the POA, especially in the MPO and MnPO, the EP3 subtype of PGE receptor was shown to be localized somatodendritically on neurons (Nakamura et al., 1999 . In addition, EP3 receptor-deficient mice failed to show a febrile response to PGE 2 (Ushikubi et al., 1998) . Therefore, the transmission of PGE 2 signal from the EP3 receptor-expressing POA neurons is likely to be essential for fever induction.
How is the PGE 2 -evoked pyrogenic signal in the POA transmitted to the rRPa neurons? Although abundant connections between the POA and ventral medullary regions have been reported (Murphy et al., 1999) , the functional significance of these connections remains poorly understood. The present muscimol microinjection experiments indicate that descending transmission from the POA to the rRPa is responsible for the PGE 2 -triggered stimulation of the fever-producing sympathetic system. Our neural tract tracing studies further revealed the direct projection from EP3 receptor-expressing POA neurons to the caudal portion of the rRPa, suggesting a candidate component of the pyrogenic descending pathway. In addition, the present double labeling for EP3 receptor and GAD67 mRNA showed that a major population of EP3 receptor-expressing POA neurons are GABAergic. On the basis of these results, we propose a possible mechanism of the pyrogenic transmission (Fig. 6b) . Under PGE 2 -free conditions, rRPa neurons are tonically inhibited by inputs from EP3 receptor-expressing POA neurons, which may be GABAergic (Fig. 6b, Normal ) ; PGE 2 , which is produced in brain vasculature during infections (Elmquist et al., 1997; Matsumura et al., 1998; Yamagata et al., 2001) , suppresses the tonic firing of the POA neurons by activating the EP3 receptor, disinhibits the rRPa neurons, stimulates the sympathetic nervous system, and finally develops fever (Fig. 6b, Infections) .
In addition to the pyrogenic pathway that we propose here, there may be other brain regions involved in fever induction. The paraventricular hypothalamic nucleus (PVH) has been known as a major site of autonomic control. It was reported that lesions of the PVH reduced febrile responses to intracerebroventricular injection of PGE 2 or intraperitoneal administration of endotoxin, although the lesions reduced the febrile responses only partly and did not reduced fever induced by a high dose (50 ng) of PGE 2 (Horn et al., 1994) . Thus, the PVH might mediate in part the pyrogenic transmission from the POA to the rRPa. Alternatively, the PVH might play an accessory role in the control of the rRPa neurons independently of the descending pathway from the POA. Another brain region, the ventromedial hypothalamic nucleus (VMH), has been associated with the sympathetic control of BAT (Perkins et al., 1981; Imai-Matsumura et al., 1984; Niijima et al., 1984) and has been proposed to mediate PGE 2 -stimulated BAT thermogenesis (Amir and Schiavetto, 1990 ). However, a transneuronal viral tract tracing study reported that there were little or no neural connections between the VMH and interscapular BAT (Bamshad et al., 1999) . Furthermore, we found that the present Sindbis virus injections into the POA did not show 
